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The traY gene of the Escherichia coli F plasmid has been shown by genetic studies (R. Everett and N. Willetts,
J. Mol. Biol. 136:129-150, 1980) to be involved in the site-specific nicking reaction at oriT required for the
initiation of DNA transfer during bacterial conjugation. In order to assign a biochemical function to TraY
protein, the traY gene was cloned in a plasmid vector which utilizes the strong T7 +10 promoter to overproduce
the protein. The plasmid-encoded TraY protein was specifically labeled with [35S]methionine, and purification
of the polypeptide was accomplished by monitoring the radioactive label. Purified TraY protein had a relative
molecular mass of approximately 17,000, as determined by polyacrylamide gel electrophoresis in the presence
of sodium dodecyl sulfate. The amino terminus of the purified protein was sequenced to confirm that the protein
was encoded by the traY gene. The protein sequence revealed that the start codon for the TraY protein was a
UUG codon 36 base pairs upstream of the AUG start site originally deduced from the DNA sequence (T.
Fowler, L. Taylor, and R. Thompson, Gene 26:79-89, 1983). This start sequence confirmed the premise of
Inamoto et al. that the F-plasmid TraY polypeptide-coding sequence would begin with UUG, creating a reading
frame which renders a large degree of amino acid sequence identity with the TraY polypeptide from R100 (S.
Inamoto, Y. Yoshioka, and E. Ohtsubo, J. Bacteriol. 170:2749-2757, 1988). The purified TraY protein from
F bound specifically to the origin of transfer region of the F plasmid. However, no nicking activity was detected
at oriT by using TraY protein or TraY protein in conjunction with helicase I.
Conjugative F and F-related plasmids of Escherichia coli
mediate the transfer of DNA from a donor to a recipient
bacterium during the process of bacterial conjugation. The
self-transmissible F plasmid contains a 33.3-kilobase-pair
(kbp) operon (the transfer operon, or tra operon) which
encodes proteins required for bacterial conjugation (for
recent reviews, see references 12 and 30). A molecular
model of conjugal DNA transfer suggests that initiation of
DNA transfer requires nicking of the F plasmid at a specific
site, the origin of transfer (oriT). Nicking is followed by
unwinding of the relaxed plasmid to produce a linear single-
stranded DNA (ssDNA) molecule that is transferred to the
recipient cell in the 5'-to-3' direction (4, 19). DNA synthesis
occurs in both the donor and recipient cells to create
covalently closed double-stranded DNA circles from the
ssDNA templates (29), although host cell replacement DNA
synthesis is not required for transfer of the ssDNA (21).
Five genes in the tra operon, tral, traZ, tra Y, traM, and
traD, have been shown to be required for nicking and
subsequent DNA transfer. Genetic evidence suggests that
the product of the tra Y gene and an activity from the traD
distal region, the traZ activity, are responsible for nicking
the F-plasmid DNA at a specific site in the oriT region (5).
Recent information has suggested that the traZ activity was
due to a restart polypeptide from the carboxy terminus of the
traI gene (27) or that it may be a function of the Tral protein
itself (28). The genetic relationship between traI and traZ
requires further investigation. The product of the traI gene,
helicase I, is thought to unwind the plasmid DNA from a
nick at oriT to produce the ssDNA which is transferred to
the recipient bacterium (1). Helicase I unwinds duplex DNA
by a processive mechanism, efficiently unwinding long re-
gions of DNA, using only a few molecules of helicase I per
DNA substrate (16). The roles of the traM and traD gene
* Corresponding author.
products in DNA transfer are not clear. The traM gene has
been suggested to code for an inner membrane protein,
possibly with oriT-binding activity (24). The TraM protein
has also been suggested to possess nonspecific DNA-binding
activity as well as DNA-dependent ATPase activity (28).
The TraD protein may be involved in the formation of a
membrane pore for transport of the linear ssDNA across the
cell membranes (12).
Although the genetics of bacterial conjugation is well
understood, relatively little is known about the biochemistry
of the process. The experiments reported here have been
directed toward understanding the molecular and biochemi-
cal mechanism of the nicking-unwinding reaction initiating
strand transfer. Previous studies have suggested that the
TraY protein, in concert with the traZ activity, introduces a
site-specific nick at the origin of transfer (5). This notion
derives largely from a series of experiments carried out by
using an in vivo nicking assay. Cells harboring various F lac
derivatives containing point mutations or deletions in spe-
cific tra genes were infected with a A bacteriophage contain-
ing the oriT region. Isolation of the progeny phage DNA
suggested nicking in the oriT region only when tra Y and traZ
were present on the F lac plasmid (5). Further experiments
by Traxler and Minkley (28) indicated that the loci respon-
sible for nicking were tra Y and the 5' end of the tral locus,
and they suggest that helicase I may function as both a
helicase and part of a site-specific endonuclease. To facili-
tate a biochemical characterization of the F-plasmid nicking
and unwinding reaction, the tra Y gene was subcloned into a
vector appropriate for expression of the gene product.
Biochemical assays using purified helicase I and TraY pro-
tein, either alone or in combination, show that TraY protein
binds specifically to the origin of transfer of the F plasmid
but does not appear to nick at oriT. Helicase I does not
appear to bind to TraY protein-oriT complexes or to the oriT
region itself.
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MATERIALS AND METHODS
Bacterial strains and plasmids. Plasmids pED851, which
contains the entire tra operon in pBR322 (5), and pED806,
which contains a 540-bp BglII-SalI fragment of F containing
the origin of transfer cloned into pBR322 (13), were obtained
from N. Willetts (University of Sydney, Sydney, Australia).
Plasmids pT7-5 and pGP1-2 (23) were kindly provided by S.
Tabor and C. Richardson (Harvard Medical School, Boston,
Mass.). Plasmid pPLX was obtained from Pharmacia. Plas-
mids were purified by using the sodium dodecyl sulfate
(SDS) lysis method (17) followed by purification on a cesium
chloride-ethidium bromide gradient. E. coli HB101, C600,
and K38 have been described elsewhere (17, 20). Strain
N4830-1 was obtained from Pharmacia.
Cloning of traY. The tra Y gene was subcloned from plas-
mid pED851 as follows. Plasmid pED851 DNA was digested
with EcoRI endonuclease, and the 8-kbp tra Y-containing
fragment was isolated by nondenaturing gel electrophoresis.
This 8-kbp fragment was digested with BstEII to obtain a
1.7-kbp fragment, which was digested with HpaII. The
resulting 568-bp HpaII-BstEII tra Y-containing fragment was
inserted into the ClaI site in pT7-5. The cloning procedure
resulted in both orientations of the tra Y fragment in pT7-5;
the clone in the correct orientation for expression is pTY-10,
and the clone in the reverse orientation is pTY-1. Plasmid
pTYA10 was constructed by deleting the 5' coding region of
tra Yby digestion of pTY-10 with PstI, followed by religation
of the deleted molecule. PstI cuts once in the vector and
once in the traY insert, removing 293 bp of the 5' coding
region of tra Y.
The tra Y coding sequence was also cloned behind the
lambda PL promoter by using the pPLX vector. The ends of
the 568-bp HpaII-BstEII fragment were filled in by using
deoxynucleoside triphosphates and DNA polymerase I
(large fragment) and cloned into pPLX which had been
linearized with HpaI. The reverse and correct orientations
for transcription were labeled pPLY1 and pPLY2, respec-
tively.
[35S]methionine labeling. The TraY protein was specifi-
cally labeled with [35S]methionine as previously described
(23), with the following modifications. E. coli K38(pGP1-2)
was transformed with pTY-10, pTYA10, or pT7-5. Cells
were grown in Luria broth (17) with selection to an A590 of
0.5. A sample (0.6 ml) was harvested by centrifugation,
washed with M9 medium (17), and suspended in 3 ml of M9
medium supplemented with amino acids (23). After the
addition of [35S]methionine, samples (1 ml) were removed at
5, 20, and 40 min and whole-cell lysates were prepared and
analyzed on an SDS-polyacrylamide gel.
TraY protein purification. Initial purifications were per-
formed by using cells from 1-liter cultures of E. coli
K38(pGP1-2, pTY-10) or N4830-1(pPLY2). The purification
results were equivalent for either cell strain (data not
shown). Cultures were grown in Luria broth at 30°C to an
A590 of 0.5, and protein expression was induced by raising
the temperature to 42°C for 3 to 4 h before harvesting. A
1-liter culture generally produced 6 to 7 g (wet weight) of
cells. The unlabeled cells were suspended by using 2 ml of
buffer A (50 mM Tris hydrochloride [pH 7.5], 10% glycerol,
5 mM 2-mercaptoethanol, 0.5 mM EDTA) per g. Lysozyme
was added to a final concentration of 0.5 mglml, and the cells
were incubated on ice for 40 min. The cells were then frozen
in a dry ice-ethanol bath and thawed in a 37°C bath. This
freeze-thaw procedure was repeated once or twice, depend-
ing on the extent of lysis. Cell debris was removed by
centrifugation at 45,000 x g for 1 h, and the supernatant was
retained.
A large-scale purification was performed with N4830-
1(pPLY2) cells which had been grown in a 10-liter fermentor
under the following conditions. Ten liters of a rich medium
(16) was inoculated with 500 ml of an overnight culture of
N4830-1(pPLY2) in Luria broth. Cells were grown at 30°C to
an A590 of 1.0. The temperature was raised to 42°C to induce
expression of the TraY protein, and the incubation was
continued for an additional 3 h. The cells (160 g) were
harvested by centrifugation, suspended in 3 ml of lysis buffer
(50 mM Tris hydrochloride [pH 7.5], 10% sucrose, 10 mM
EDTA) per g, and frozen in 300-ml aliquots. Half of the cells
(80 g) were used for a large-scale purification of TraY
protein, with column sizes scaled up accordingly, except for
Sephadex G-75, for which the same column was used for all
purifications.
For the small-scale purifications, cell lysates from the
1-liter preparations were combined with a cell lysate from E.
coli K38(pGP1-2, pTY-10) cells which contained TraY pro-
tein specifically labeled with [35S]methionine. The cells were
labeled with [35S]methionine as described above, with the
following modifications. At an A59 of 0.5, 5 ml of cells was
harvested by centrifugation. The resulting pellet was sus-
pended in 1 ml of M9 medium, and 50 ,uCi of [35S]methionine
was added. Thirty minutes after the addition of radioactive
label, the cells were harvested by centrifugation. The cell
pellet was suspended in 0.5 ml of buffer A, and a lysate was
prepared as described above. The lysed cells were spun in a
microcentrifuge (Beckman Instruments, Inc.) for 30 min to
remove debris.
Modifications for labeling the cell lysate for the large-scale
purification were as described above except that at an A5%0 of
0.5, 25 ml of cells was removed and the pellet was suspended
in 4 ml of M9 medium. The amount of [35S]methionine was
scaled up accordingly.
For a small-scale purification, the supernatants from ra-
dioactively labeled and unlabeled cell lysates were pooled
(fraction 1), and solid ammonium sulfate was added (0.243
g/ml) with constant stirring. The solution was stirred for an
additional 15 min after all the ammonium sulfate had gone
into solution, and the precipitate was collected by centrifu-
gation at 12,000 x g for 10 min. The supernatant was
retained, and solid ammonium sulfate (0.132 g/ml) was added
as described above. The precipitate was collected as before
and suspended in 7 ml of buffer A (fraction 2).
Fraction 2 was adjusted to a conductivity equivalent to
that of buffer A containing 200 mM ammonium sulfate and
was passed through a DE52 column (1.6 by 3.5 cm). The
column was washed with 1 column volume of buffer A
containing 200 mM ammonium sulfate, and the eluent was
dialyzed against buffer A containing 50 mM NaCl (fraction
3).
Fraction 3 was loaded onto a phosphocellulose column
(1.6 by 3.5 cm) equilibrated with buffer A containing 50 mM
NaCI. The column was washed with 3 column volumes of
buffer A containing 50 mM NaCl and eluted by using a
15-column volume linear gradient from 50 to 600 mM NaCl in
buffer A. Samples (100 RI) of every third fraction were
counted in a liquid scintillation counter to obtain an elution
profile of the [35S]methionine-labeled proteins. The majority
of the radioactivity eluted as a single peak from 300 to 400
mM NaCl. (The elution profile varied from preparation to
preparation at this point in the procedure but always defined
a single peak which eluted anywhere in a range from 200 to
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400 mM NaCl). The peak fractions were pooled and dialyzed
against buffer A containing 50 mM NaCl (fraction 4).
Fraction 4 was loaded onto an ssDNA-cellulose column
(1.6 by 2 cm) equilibrated in buffer A containing 50 mM
NaCl. The column was washed with 3 column volumes of the
same buffer, and the protein was eluted by using a linear
gradient as described above. Samples (200 RI) of every third
fraction were counted in order to determine the elution
profile of the labeled polypeptides. The labeled protein
eluted as a single peak from approximately 275 to 375 mM
NaCl. The peak fractions were pooled and concentrated in
dialysis tubing against solid polyethylene glycol to reduce
the volume (fraction 6).
Fraction 6 (0.5 ml) was filtered through a 25-ml Sephadex
G-75 column (1 by 32 cm) in buffer A containing 200 mM
NaCl, and 0.5-ml fractions were collected. A sample (50 ,u)
of every other fraction was counted, and fractions containing
the peak of radioactive material were pooled (fraction 8).
Fraction 8 was dialyzed overnight against buffer A contain-
ing 100 mM NaCl-50% glycerol. Samples were stored at
-200C.
DNA-binding assays. DNA-binding assays were performed
as previously described (3). The DNA substrate was pED806
DNA digested with TaqI. The resulting 3' recessed ends
were filled in by using [0t-32P]dCTP and DNA polymerase I
(large fragment) (17). The origin of transfer is contained on
the 454-bp TaqI fragment. For some experiments this frag-
ment was isolated and further digested with RsaI to produce
two singly end-labeled fragments, 132 and 322 bp in length.
Binding reaction mixtures (16 ,ul) contained 50 mM Tris
hydrochloride (pH 7.5), 10% glycerol, 1 mM EDTA, 1 mM
dithiothreitol, 30 pLg of bovine serum albumin per ml, and 12
ng of [32P]DNA. Supercoiled pBR322 DNA (250 ng per
reaction volume) was used as the carrier DNA. The reaction
mixtures were incubated at 37°C for 10 min, and samples
were loaded directly onto a 4% polyacrylamide gel as
described previously (3).
Other materials and methods. SDS-polyacrylamide gel
electrophoresis was performed by the method of Laemmli
(15). Nondenaturing polyacrylamide gel electrophoresis was
performed as described previously (18).
Protein concentrations were determined by the method of
Bradford (2), using bovine serum albumin as a standard.
Purified protein was sequenced by Edman degradation after
being transferred to an Immobilon membrane (Millipore
Corp.) from a 10% SDS-polyacrylamide gel. The protein was
sequenced directly from the membrane by using an auto-
mated gas-phase microsequencer (10).
Restriction enzymes and DNA polymerase I (large frag-
ment) were obtained from New England BioLabs, Inc., or
U.S. Biochemicals. The conditions used were those sug-
gested by the suppliers. Helicase I (fraction 6) was purified
as described previously (16).
The [35S]methionine and [at-35S]dATP were from ICN
Radiochemicals; [o-32P]dCTP was from Amersham Corp.
All unlabeled nucleotides were from Pharmacia Biochemi-
cals. DNA was sequenced by using the Sequenase kit (U.S.
Biochemicals). DNA concentrations for binding assays were
estimated by ethidium bromide dot quantitation (22).
RESULTS
Plasmid construction. By using the previously determined
DNA sequence of the traY region (8), it was possible to
design a traY cloning strategy which removed the traY
promoter region and most of the coding region of the
B
FIG. 1. Physical map of pTY-10 and pTYA10. (A) The traY-
containing 568-bp DNA fragment was inserted into the ClaI site of
pT7-5 by using the homology between HpaII and ClaI cohesive
ends. The resulting linear molecule was made blunt ended and was
then self-ligated to form covalently closed circles which did not
regenerate a ClaI site. (B) The majority of the 5' coding region of
traY was deleted by digesting pTY-10 to completion with PstI
followed by ligation of the deleted molecule to create pTYA10.
downstream gene, traA. The 568-bp BstEII-HpaII fragment
containing the tra Y coding sequence was inserted into pT7-5
(Fig. 1A), as described in Materials and Methods. Both
orientations of the traY gene were obtained in pT7-5, pro-
viding appropriate controls for expression of the tra Y gene.
As an additional control, a portion of pTY-10 was deleted
(pTYA10) to remove the majority of the traYS' coding region
(Fig. 1B). Both strands of the DNA inserted into the pT7-5
vector were sequenced to confirm that the constructs con-
tained the expected tra Y coding regions. This DNA sequenc-
ing confirmed the published traY sequence.
[35S]methionine labeling. Plasmid pTY-10 was used to
express the TraY protein in an in vivo expression system
(23). This expression system utilizes the strong T7 410
promoter and T7 RNA polymerase to overproduce the
protein of interest. When expression of the T7 RNA poly-
merase is induced and E. coli RNA polymerase is inhibited
by using rifampin, proteins are produced exclusively from
the plasmid and can be specifically labeled with
[35S]methionine. By using this technique, whole-cell lysates
were resolved on a 10% SDS-polyacrylamide gel and
[35S]methionine-containing proteins were detected by auto-
radiography (Fig. 2). A single major protein was observed
when E. coli K38(pGP1-2, pTY-10) was induced to express
TraY protein (Fig. 2, lanes 4 to 6). This polypeptide was not
present in cells containing pTY-1 (the reverse orientation
construct; data not shown), the deletion construct pTYA10
(Fig. 2, lanes 10 to 12), or the vector alone (Fig. 2, lanes 16
to 18). The induced protein has a relative molecular mass
(Mr) of approximately 17,000, which correlates well with the
Mr of 16,000 of protein 6c (TraY) reported by Kennedy et al.
(14). This also compares reasonably well with the expected
Mr of 15,500 as deduced from the DNA sequence utilizing
UUG as the start codon (11). On the basis of the above
evidence, the 17-kilodalton (kDa) polypeptide was assumed
to be the TraY protein. A minor protein species of Mr 14,500
was present in the cells induced to express TraY protein
(Fig. 2, lanes 4 to 6). This protein was not characterized
further but could be a restart polypeptide originating from
the AUG methionine codon immediately downstream of the
UUG start codon. Alternatively, it may be a degradation
product.
All of the uninduced cell samples showed high levels of
background labeling, including a major polypeptide of nearly
VOL. 172, 1990











FIG. 2. [35S]methionine labeling of induced TraY protein. E. coli
K38(pGP1-2) containing pTY-10 (lanes 1 to 6), pTYA10 (lanes 7 to
12), or pT7-5 (lanes 13 to 18) was grown in the presence of
[35S]methionine, and whole-cell lysates were resolved on an SDS-
polyacrylamide gel and analyzed by autoradiography as described
previously (23). Results for uninduced cells 5, 20, and 40 min after
[35S]methionine addition (lanes 1 to 3, 7 to 9, and 13 to 15,
respectively) and induced cells 5, 20, and 40 min after
[35S]methionine addition (lanes 4 to 6, 10 to 12, and 16 to 18,
respectively) are shown. Molecular masses are indicated at the left.
the same Mr as the TraY protein (Fig. 2, lanes 1 to 3, 7 to 9,
and 13 to 15). This polypeptide is not TraY protein, since it
appeared in the controls which do not contain the tra Y
coding sequence (Fig. 2, lanes 7 to 9 and 13 to 15). In
addition, this polypeptide was not present in any of the
induced cell cultures and is most likely encoded by the E.
coli chromosome.
Purification. In the absence of a biochemical activity assay
for the TraY protein, purification was monitored by follow-
ing radioactively labeled TraY protein. This approach was
feasible since the labeling experiments showed the majority
of the [35S]methionine to be incorporated into the putative
TraY protein (Fig. 2, lanes 4 to 6). The purification proce-
dure is described in Materials and Methods and summarized
in Table 1. Figure 3 shows the purification fractions resolved
on an SDS-polyacrylamide gel stained with Coomassie blue.
An autoradiograph of an identical polyacrylamide gel dem-
onstrated the progressive purification of the 35S-polypeptide
of Mr 17,000 (data not shown), as do the data presented in
Table 1. At present we do not understand the reason for the
modest reduction in specific activity following the last puri-
fication step.
TABLE 1. Purification of TraY proteina
Fraction Amt of Radioactivity Sp actprotein (mg) (cpm) (cpm/mg)
Lysate 4,894 2,230,000 456
40 to 60% (NH4)2SO4 CUt 1,168 610,500 523
DE52 709 613,000 865
Phosphocellulose 15.5 175,200 11,300
DNA-cellulose 5.3 70,680 13,336
Sephadex G-75 2.0 14,640 7,320
a Carried out as described for the large-scale preparation in Materials and
Methods, using 80 g (wet weight) of E. coli N4830-1(pPLY2).
FIG. 3. SDS-polyacrylamide gel electrophoresis of TraY protein
purification fractions. Coomassie blue-stained 12% SDS-polyacryl-
amide gel. Lane 1, Molecular mass standards (in kilodaltons):
lysozyme, 14.4; soybean trypsin inhibitor, 21.5; carbonic anhydrase
(bovine), 31; ovalbumin, 42.7; bovine serum albumin, 66.2; phos-
phorylase b (rabbit muscle), 97.4. Lane 2, 92 i±g of cell lysate
(fraction 1); lane 3, 82 ,ug of ammonium sulfate precipitate (fraction
2); lane 4, 16 p.g of DE52 flowthrough (fraction 3); lane 5, 91 ,ug of
phosphocellulose flowthrough (fraction 5); lane 6, 21 ,ug of phospho-
cellulose pool (fraction 4); lane 7, 20 ,ug of DNA cellulose
flowthrough (fraction 7); lane 8, 10 ,ug of DNA cellulose pool
(fraction 6); lane 9, 12 ,ug of Sephadex G-75 pool (fraction 8).
The 17-kDa TraY polypeptide was greater than 95% pure,
as judged by SDS-polyacrylamide gel electrophoresis (Fig.
3, lane 9). The amino terminus of the purified TraY protein
was sequenced to confirm that the isolated protein was
encoded by the tra Ygene. The sequence of the first 25 amino
acids revealed a 12-amino-acid NH2 terminus initiating at a
rare UUG start codon. We believe this UUG codon to be the
start codon used in vivo, as it confirms the data of Inamoto
et al. (11), which suggest that the TraY polypeptide of F
plasmid initiates from this upstream UUG, on the basis of a
high degree of amino acid identity with the R100 TraY
polypeptide.
DNA-binding assays. Purified TraY protein was used in gel
retardation assays to determine whether the protein bound
specifically to oriTDNA (Fig. 4A). When pED806 DNA was
digested with TaqI and incubated with TraY protein, the
only fragment retarded in the gel matrix was the oriT-
containing fragment (Fig. 4A, lanes 2 and 3). This DNA
fragment was purified and digested with RsaI to further
define the binding region. The resulting 322-bp fragment
contains the region of oriT which is nicked prior to DNA
transfer (25, 26), while the 132-bp fragment contains mainly
sequences upstream of traM (Fig. 4B). Purified TraY protein
bound specifically to the 322-bp fragment (Fig. 4A, lanes 5
and 6), which resulted in the formation of two protein-DNA
complexes of altered mobility.
In an effort to determine the relationship between the two
protein-DNA complexes, increasing concentrations of TraY
protein were added to a constant amount of the 322-bp
[32P]DNA fragment in a gel mobility shift assay (Fig. 5). The
protein titration ranged from 0.7 to 280 ng of TraY protein
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FIG. 5. TraY protein titration, using the 322-bp TaqI-RsaI oriT-
containing DNA fragment. A gel mobility shift assay was performed
as described in Materials and Methods. The following amounts of
TraY protein (in nanograms) were used: lane 1, 0; lane 2, 0.7; lane
3, 1.4; lane 4, 2.8; lane 5, 7; lane 6, 14; lane 7, 28; lane 8, 70; lane 9,
140; lane 10, 280. Arrows indicate positions of DNA-protein com-
plexes.
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FIG. 4. Gel mobility shift assay utilizing purified TraY protein.
(A) DNA-binding assays were performed as described in Materials
and Methods. Lanes 1 to 3, TaqI-digested pED806 [32P]DNA
incubated with 0, 7, and 14 ng of TraY protein, respectively; lanes 4
to 6, 454-bp oriT [32P]DNA fragment digested with RsaI (0, 7, and 14
ng of added TraY protein, respectively). Marker fragment sizes (in
kilobase pairs) are shown on the left. The lowest arrow on each side
indicates the position of unbound DNA. The upper arrows indicate
positions of DNA-protein complexes. (B) Physical and genetic map
of the 454-bp TaqI oriT-containing DNA fragment, based on DNA
sequence data (25). PM is the promoter region for the traM gene, and
gene X is the promoter for a gene of unknown function (30). Open
arrows indicate promoter regions for genes flanking oriT. Solid
arrows indicate positions of inverted- or direct-repeat regions.
a level of approximately one TraY molecule per DNA
fragment (Fig. 5, lane 3). In addition, it is clear that the
faster-migrating DNA-protein complex appears first, fol-
lowed closely by the appearance of the more slowly migrat-
ing complex. The unbound [32P]DNA fragment was no
longer apparent at high concentrations of TraY protein (Fig.
5, lane 8); however, we were not able to obtain a single
protein-DNA complex. Even at the higher ratios of TraY
protein to oriT DNA, both protein-DNA complexes persist.
Possible explanations for these binding results are discussed
below.
It has been suggested that helicase I may be involved in
the nicking reaction at oriT (28). If this is the case, then
helicase I may also bind to the oriT region in the presence or
absence of TraY protein. For this reason gel retardation
assays were performed with purified helicase I and helicase
I in conjunction with purified TraY protein (Fig. 6). For
these experiments, the total TaqI digest of pED806 was used
as the DNA substrate to ensure complete representation of
the oriT region. Helicase I did not bind to oriT (Fig. 6, lanes
5 and 6), nor did it alter the mobility of the TraY protein-oriT
DNA complex (Fig. 6, lanes 3, 4, 8, and 9) under the
conditions assayed. These experiments were also performed
without pBR322 carrier DNA in order to avoid complica-
tions imposed by the presence of other mobilizable origins.
The same results were obtained in the absence of carrier
DNA (data not shown). The addition of more helicase I (up
to 50 ng per reaction mixture) did not affect TraY binding to
the 322-bp oriT-containing fragment, nor did helicase I bind
to the oriT fragment by itself (data not shown).
TraY protein is believed to be a component of the site-
specific endonuclease which nicks at oriT to initiate DNA
transfer during conjugation (5). Therefore, we wished to
determine whether TraY protein binding to the oriT region
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FIG. 6. Gel mobility shift assay using helicase I and TraY
protein. Gel mobility shift assays were performed as described in
Materials and Methods, with the following modifications. Lane 1,
3'-end-labeled TaqI digest of pED806 DNA with no added protein;
lane 2, 7 ng of TraY protein and no helicase I; lane 3, 7 ng of TraY
and 1 ng of helicase 1; lane 4, 7 ng of TraY and 2 ng of helicase I;
lane 5, no TraY and 1 ng of helicase I; lane 6, no TraY and 2 ng of
helicase I; lane 7, 14 ng of TraY and no helicase I; lane 8, 14 ng of
TraY and 1 ng of helicase I; lane 9, 14 ng ofTraY and 2 ng of helicase
I. Marker fragment sizes (in kilobase pairs) are shown at the left.
Arrows indicate positions of either unbound DNA or DNA-protein
complexes.
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purpose, the 322-bp [32P]DNA fragment was incubated with
either TraY protein, helicase I, or both proteins together,
and the products were resolved on a denaturing polyacryl-
amide gel. If nicking occurred, we should detect a smaller
labeled fragment by this procedure. We observed no nicking
of the oriT DNA fragment by any combination of proteins
used under the conditions assayed, nor did we observe any
anomalously migrating fragments which might indicate the
presence of DNA protein adducts (data not shown).
DISCUSSION
The traY gene was cloned into the protein expression
vector pT7-5 (23) in order to purify the protein and determine
a biochemical function. The NH2-terminal amino acid se-
quence of the purified TraY protein was determined, which
demonstrated that the start codon for the protein was a UUG
codon 36 bp upstream of the putative AUG start codon
originally deduced from the DNA sequence (8). Use of the
UUG start site resolves the apparent discrepancy between
the molecular mass determined for the TraY protein from
minicell protein production studies (protein 6c, 16 kDa) (14)
and the molecular mass as originally deduced from the DNA
sequence (13.8 kDa) (8), as pointed out by Inamoto et al.
(11). Other traY alleles from F-related plasmids also utilize
unusual start codons, as determined from their DNA se-
quences. The traY gene of plasmid R1-19 begins with GUG,
as does the ColB4 tra Y allele, while R100-1 tra Y begins with
UUG (6, 7). The amino acid sequence of the R100 TraY
polypeptide confirmed the UUG start codon for this allele
(11). Inamoto et al. also noticed that the TraY polypeptides
from R100 and F would have a large degree of amino acid
identity if F was translated from an upstream UUG start
codon and suggested that the F TraY polypeptide also
initiates from a UUG (11). This unusual start codon may
serve as a regulatory mechanism for translation of the TraY
protein, as neither the T7 promoter construct nor the lambda
PL promoter construct expressed TraY protein in a sufficient
quantity to be seen in crude extracts on an SDS-polyacryl-
amide gel stained with Coomassie blue. The tra Y gene may
be translationally regulated in order to prevent a large excess
of traY gene product in relation to the traZ activity, with
which it may interact.
As the TraY protein has been implicated in nicking the F
plasmid at oriT on the basis of genetic studies (5), we wanted
to determine whether purified TraY protein could bind to the
F oriT region. Gel mobility shift assays showed that purified
TraY protein specifically retards the mobility of a DNA
fragment containing oriT. The 322-bp fragment bound by the
TraY protein contains the specific nick site on oriT (26)
which is found just downstream of the multiple nick sites
determined by Thompson et al. (25). This 322-bp DNA
fragment contains several pairs of inverted repeats (Fig. 4B),
while the direct repeats of the oriT region (25) are contained
on the 132-bp TaqI-RsaI fragment. This 132-bp fragment was
not bound by TraY protein in the gel mobility shift assays.
The binding of the TraY protein to the 322-bp TaqI-RsaI
DNA fragment resulted in the formation of two protein-DNA
species. This result may be due to TraY protein binding as
monomers as well as oligomers. At this point in time, the
native form of TraY protein has not been determined. Thus
it is possible that TraY protein exists in solution as an
oligomer of 17-kDa monomers. Alternatively, the oriT region
may contain two separate binding sites for the TraY protein,
perhaps two sets of inverted repeats which flank the nick
site. Binding experiments have shown no apparent cooper-
ativity in the formation of the two retarded species (E. E.
Lahue, unpublished results). Another alternative may be
localized denaturation of the DNA fragment due to TraY
protein binding.
Binding studies utilizing both TraY protein and helicase I
show no interaction between the two proteins on DNA that
can be observed by using gel mobility shift assays. In
addition, no nicking of the oriT region was obtained by using
either of the two purified proteins alone or in combination.
However, it should be noted that the preparation of helicase
I used in these assays did not contain the TraI* restart
polypeptide (27). In addition, we did not perform an exhaus-
tive examination of possible nicking conditions but per-
formed these assays under conditions in which helicase I
was active (16) or in which TraY protein bound to oriT. Thus
it is possible these assays were performed under conditions
which were not appropriate for observing nicking activity.
Nevertheless, the data suggest that an additional protein
other than helicase I may be required in conjunction with
TraY protein to induce nicking at oriT. The accessory
protein(s) may be F encoded or may be a host factor.
Thompson et al. (26) have isolated relaxed species of oriT-
containing F plasmids and have determined that the nick in
the oriT region is located at a single position. Furste et al. (9)
have isolated relaxosomes for IncP plasmids which contain
two proteins that interact specifically with the RP4 oriT
region. These proteins are most likely responsible for creat-
ing the site-specific nick at oriT in these plasmids. One of
these RP4 proteins, the TraJ protein, has been shown to bind
to a 19-bp inverted repeat within the oriT region (31). If F
nicking has similar requirements, a protein in addition to
TraY protein may be required for nicking at oriT.
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